Primary cilia are widely used for signal transduction during development and in homeostasis and are assembled and maintained by intraflagellar transport (IFT). Here, we have dissected the role of IFT in signaling within the flagella (structural and functional counterparts of cilia) of the biflagellated green alga Chlamydomonas. Using a conditional IFT mutant enables us to deplete the IFT machinery from intact, existing flagella. We identify a cGMP-dependent protein kinase (CrPKG) within flagella as the substrate of a protein tyrosine kinase activated by flagellar adhesion during fertilization. We demonstrate that flagellar adhesion stimulates association of CrPKG with a new flagellar compartment. Moreover, formation of the compartment requires IFT, and IFT particles themselves are part of the compartment. Our results lead to a model in which the IFT machinery is required not only for assembling cilia and flagella but also for organizing a signaling pathway within the organelles during cilium-generated signaling.
Primary cilia are widely used for signal transduction during development and in homeostasis and are assembled and maintained by intraflagellar transport (IFT). Here, we have dissected the role of IFT in signaling within the flagella (structural and functional counterparts of cilia) of the biflagellated green alga Chlamydomonas. Using a conditional IFT mutant enables us to deplete the IFT machinery from intact, existing flagella. We identify a cGMP-dependent protein kinase (CrPKG) within flagella as the substrate of a protein tyrosine kinase activated by flagellar adhesion during fertilization. We demonstrate that flagellar adhesion stimulates association of CrPKG with a new flagellar compartment. Moreover, formation of the compartment requires IFT, and IFT particles themselves are part of the compartment. Our results lead to a model in which the IFT machinery is required not only for assembling cilia and flagella but also for organizing a signaling pathway within the organelles during cilium-generated signaling.
INTRODUCTION
Long known for their roles in motility, cilia increasingly are being recognized as essential for sensory functions during development and in normal physiology. Almost every vertebrate cell possesses a primary cilium (see http:// members.global2000.net/bowser/cilialist.html for a comprehensive list of where primary cilia are found). The primary cilia present on epithelial cells of renal tubules detect fluid flow in the tubules, and the absence of function of renal epithelial cilia causes polycystic kidney disease (Boletta and Germino, 2003; Lin et al., 2003; Nauli and Zhou, 2004; Pazour et al., 2000; Quarmby and Mahjoub, 2005) , the most common monogenic lethal inherited disease in humans (Harris and Rossetti, 2004) . Moreover, several receptors, including somatostatin 2 receptor (Handel et al., 1999) , integrin (Praetorius et al., 2004) , taurine transport receptor , angiopoietin receptor , and the platelet-derived growth-factor receptor a (Schneider, et al., 2005) , are localized to primary cilia. Mutant mouse embryos with defects in cilia formation fail to undergo sonic hedgehog signaling (Huangfu et al., 2003; Liu et al., 2005; Huangfu and Anderson, 2005) , hedgehog pathway proteins are present in primary cilia (Corbit et al., 2005) , and cilia in the mouse embryonic node are required for generation of left-right asymmetry (Nonaka et al., 1998; McGrath et al., 2003; Tanaka et al., 2005) . Although the mechanisms that link ciliary structure and composition to motility are well understood, we know little about the properties of these intriguing organelles that have made them so widely used as sensory transducers (Poole et al., 1985; Pazour and Witman, 2003; Pan et al., 2005) .
We are studying flagellar-adhesion-induced signal transduction during fertilization in the biflagellated alga Chlamydomonas. In addition to using flagella for motility, Chlamydomonas gametes also use their flagella as sensory transducers during fertilization. (The words cilia and flagella refer to essentially identical organelles and are often used interchangeably.) Chlamydomonas mt+ and mtÀ gametes express sex-specific cell adhesion receptors, agglutinins, on their flagellar surfaces. When mt+ and mtÀ gametes are mixed together, binding interactions between mt+ and mtÀ flagellar agglutinins (Adair et al., 1983) cause the flagella to adhere to each other. Similar to other cell-cell interactions, the ligand-receptor-like interaction between the agglutinins on the flagellar membranes also initiates a signaling pathway that activates the gametes for cell-cell fusion ( Figure 1A ) (Pan and Snell, 2000) . Gametes undergo several morphological changes, including release of their extracellular matrix (cell wall) (Goodenough and Weiss, 1975) , modification and elongation of the flagellar tip (Mesland et al., 1980) , and erection of microvillus-like cell fusion organelles (Goodenough and Weiss, 1975) . One of the earliest biochemically detectable events triggered by agglutinin interactions is activation of a protein tyrosine kinase (PTK) within the flagella that phosphorylates an uncharacterized 105 kDa flagellar protein (Wang and Snell, 2003) . Soon thereafter, a gamete-specific flagellar adenylyl cyclase is activated (Zhang and Snell, 1994) , and the consequent increase in cAMP (Pasquale and Goodenough, 1987) leads to the biochemical and morphological changes that are a prelude to zygote formation ( Figure 1B ) (Pan and Snell, 2000) .
An important unanswered question about cilium-generated signaling is how the ciliary/flagellar membrane compartment, in the absence of the membrane specializations and signaling machinery widely used for signal transduction on the cell body proper, is able to form the signaling complexes that are a hallmark of most receptor-ligand interactions (Miranti and Brugge, 2002; Vondriska et al., 2004; Werlen and Palmer, 2002; White and Anderson, 2005; Yasuda et al., 1999) . Cilia do not contain coated pits, actin filaments, cell-cell junctional complexes, or caveolae and do not contain membrane vesicles that could be used for endocytosis or exocytosis. One cilium-specific, dynamic process that could contribute to assembly of signaling complexes within the organelles is intraflagellar transport (IFT).
IFT is a cilium-specific motility system, first discovered in Chlamydomonas, that cells use to ferry flagellar components between the cell body and the flagellum during assembly, maintenance, and disassembly of the organelle (reviewed in Rosenbaum and Witman, 2002; Scholey, 2003; Snell et al., 2004) . Flagellar precursors synthesized in the cell body are transported as cargo on protein complexes called IFT particles (Qin et al., 2004) . The IFT particles, which can be separated into two complexes known as A and B, are composed of at least 18 proteins, and their movement underneath the flagellar membrane along the microtubule doublets of the ciliary/flagellar axoneme is powered by the microtubule motor proteins kinesin 2 (anterograde direction) and cytoplasmic dynein (retrograde direction). With only a few exceptions, all ciliated/flagellated eukaryotic cells possess the IFT machinery and all use IFT to assemble the structural components of cilia and flagella (Rosenbaum and Witman, 2002; Scholey, 2003; Snell et al., 2004; Avidor-Reiss et al., 2004; Li et al., 2004) Moreover, Qin et al., (2005) recently showed that motility of a nonstructural component, a ciliary membrane channel protein that functions in several sensory transduction modalities in C. elegans sensory neurons, also involves IFT.
To study the role of IFT in flagellar-adhesion-induced signaling, we have used a mutant strain (fla10-1) that has a temperature-sensitive lesion in kinesin 2 (Kozminski et al., 1995; Lux and Dutcher, 1991) . fla10-1 cells assemble a flagellum at the permissive temperature; when transferred to the nonpermissive temperature, however, anterograde IFT ceases, leading to loss of IFT particles and motors from the flagella within about 40 min (Cole et al., 1998; Pan and Snell, 2002; Qin et al., 2004) . The flagella eventually shorten, but there is a window of time in which the flagella exhibit normal motility and are of essentially full length but contain little, if any, of the IFT machinery. To our knowledge, this is the only biological system in which it is possible to examine the signaling properties of an existing cilium or flagellum that has been depleted of IFT particles and motors. In other model organisms, it is not yet possible to disrupt IFT in cells after their cilium has formed. Studies that document a role for IFT in a biological process in other organisms in fact are documenting that cilia or flagella are required for that process because IFT is essential for formation of cilia.
Previously, we showed that depletion of the IFT machinery from flagella did not block flagellar adhesion, but the IFT-depleted flagella were incapable of adhesion-induced signal transduction: Flagellar adhesion failed to activate the flagellar PTK that phosphorylated the 105 kDa protein, cAMP levels did not increase, and the gametes did not fuse (Pan and Snell, 2002; Piperno et al., 1996; Wang and Snell, 2003) . The downstream arm of the pathway was intact, though, because the cells remained capable of undergoing gamete activation in response to an exogenously added analog of cAMP (Pan and Snell, 2002) .
Here, we dissect the flagellar-adhesion-activated signaling pathway and examine the role of IFT in signaling. We identify the 105 kDa substrate of the adhesion-activated PTK as a cGMP-dependent protein kinase (PKG) and show that the properties of both the Chlamydomonas PKG and IFT particles are modified by adhesion. Our results indicate that Chlamydomonas uses the IFT machinery not only for assembling and disassembling the structural components of its flagella but also for organizing a signaling pathway during cilium-generated signaling.
RESULTS
The 105 kDa Protein Is a cGMP-Dependent Protein Kinase Previously, we showed that, within minutes after flagellar adhesion was initiated, a flagellar PTK was activated whose substrate was a 105 kDa protein. IFT was necessary for this pathway since phosphorylation of the 105 kDa protein was not detected in flagellar samples isolated from fla10-1 gametes undergoing flagellar adhesion at the nonpermissive temperature (Wang and Snell, 2003) .
To learn more about modulation by IFT of this signaling pathway, we identified the 105 kDa protein substrate of the flagellar-adhesion-activated PTK. The 105 kDa substrate was immunopurified using an anti-p-Tyr antibody in preparation for mass spectrometric analysis. Figure 2A , which is an immunoblot of anti-p-Tyr immunoprecipitates from flagellar samples prepared from control (nonadhering) gametes and adhering mt+ and mtÀ gametes, documents that the 105 kDa protein was phosphorylated only in the flagellar samples from adhering gametes. Peptides generated from trypsin digestion of the immunopurified and gel-purified protein band were analyzed by matrixassisted laser desorption/ionization-time of flight and electrospray ionization tandem mass spectrometry (nano-HPLC/MS/MS). Analysis of the resulting spectra (see Experimental Procedures) yielded the protein encoded by gene C_50062 in the Chlamydomonas genome (http:// genome.jgi-psf.org/chlre2/chlre2.home.html), which is a cGMP-dependent protein kinase, as the best match.
Searches of the NCBI nr protein sequence database showed that cDNA clone LcL08h03_r (5 0 ) contained nucleotide sequences identical to the N terminus of C_50062. Sequencing of clone LcL08h03_r (5 0 ) yielded a 4498 nucleotide, full-length cDNA with a 3081 nucleotide open reading frame that encodes a cGMP-dependent protein kinase (PKG) containing 1027 aa ( Figure 2B ), hereafter termed CrPKG. Fourteen peptides in the deduced amino acid sequence that were identified by mass spectroscopy are shown in bold, and four predicted tyrosine phosphorylation consensus sites are indicated by asterisks. Analysis of the sequence by use of RPS-BLAST v11.0 indicated that it contained a protein serine/threonine kinase domain near the C terminus and three cyclic nucleotide binding domains in the N-terminal region of the protein ( Figures  2B and 2C) . A fourth cyclic nucleotide binding domain (not shown) also was tentatively identified by BLAST searches just downstream of the third cyclic nucleotide binding domain (Deng et al., 2003) . Analysis by Prosite (release 19.14; Gasteiger et al., 2003) predicted several myristoylation sites, including GCAQST at the N terminus.
The domain architecture of CrPKG is similar to PKGs in multicellular (human) and unicellular (Paramecium) organisms ( Figure 2D ). Unlike cAMP-dependent protein kinases, PKGs contain the regulatory domains and the catalytic domain in the same protein (reviewed in Bastin et al., 1999; Lohmann et al., 1997) . Figure 2D shows the three predicted cyclic nucleotide binding domains in CrPKG aligned with cyclic nucleotide binding domains in a Paramecium PKG and a human PKG (cGKIa). Figure 2D also shows that CrPKG cyclic nucleotide binding domains contain a threonine or serine (indicated by an asterisk in Figure 2D ) in the cyclic nucleotide binding pocket, a feature that is characteristic of cGMP versus cAMP binding domains (Shabb et al., 1991) . Analysis by PSI-BLAST (Altschul et al., 1997) showed that the Chlamydomonas PKG is most similar to those of apicomplexan parasites including Toxoplasma and Plasmodium.
CrPKG Is the Substrate of the PTK Activated by Flagellar Adhesion and Is Enriched in Flagella
To study CrPKG, we developed a rabbit polyclonal antibody against it. The antibody recognized a 105 kDa protein in immunoblots of whole cells ( Figure 3A , arrow) that comigrated with the 105 kDa protein phosphorylated in samples prepared from adhering flagella. Analysis by immunoblotting of whole cells, cell bodies, and flagella on the basis of cell equivalents ( Figure 3B ) indicated that flagella, which represent a very small proportion (calculated to be less than 5%) of the total cell volume, contained nearly 1/2 of the total cellular CrPKG. Figure 3C , showing an immunoblot of equal amounts of whole cells, cell body, and flagellar proteins confirmed the enrichment of CrPKG in flagella. (We should note that, in some experiments, CrPKG appeared as a doublet. The basis for the difference in migration is unknown, but results from experiments using protein phosphatases [data not shown] are inconsistent with phosphorylation as a cause of the differing migration on the gels.) To determine whether CrPKG showed a polarized distribution on the flagella or whether it was spread over the length of the flagella, we used immunofluorescence with the anti-CrPKG antibody. Preimmune sera showed nonspecific staining of cell bodies and only low, background staining of flagella, whereas the anti-CrPKG sera showed reactivity with flagella over their entire length ( Figure 3D ). Taken together, these results indicated that cells target CrPKG to flagella, where it becomes distributed along the full length of the organelle.
To determine the biochemical location of CrPKG within flagella, we froze and thawed the flagella, centrifuged the samples, and immunoblotted the fractions. Freezing and thawing disrupts the flagellar membrane to release freely soluble proteins, leaving the flagella otherwise intact with the membrane still firmly associated with the axoneme (Cole et al., 1998; Wang and Snell, 2003) . As shown in Figure 3E , under these conditions, the majority of CrPKG remained with the flagella and sedimented during low-speed centrifugation. A small amount of CrPKG remained in the low-speed supernatant and was also soluble after high-speed centrifugation. When freshly isolated flagella were separated into detergent-soluble and -insoluble fractions ( Figure 3F ), CrPKG was in the detergent-soluble fraction. Taken together, these fractionation results along with the absence of a transmembrane domain in CrPKG indicated that CrPKG in flagella was associated with the flagellar membrane.
Immunoprecipitation experiments also confirmed that CrPKG was the 105 kDa protein that was tyrosine phosphorylated in experiments with flagella from adhering gametes (Wang and Snell, 2003) . Detergent extracts from Highly conserved residues are highlighted in black, selective conserved residues are enclosed in boxes. The R-T/S-A region, which is a motif for high-affinity binding of cGMP, is indicated by a bracket, and the T/S, which determines cGMP vs cAMP binding specificity is indicated by an asterisk. flagella isolated from adhering gametes were incubated in the presence and absence of ATP and immunoprecipitated with anti-p-Tyr antibody, and the samples were immunoblotted with the anti-CrPKG peptide antibody. Previously, we reported that the 105 kDa protein showed maximal tyrosine phosphorylation after incubation of adhering flagellar extracts with ATP (Wang and Snell, 2003) . As shown in Figure 3G , although small amounts of CrPKG were immunoprecipitated by the anti-p-Tyr antibody in the sample not incubated with ATP, much more was recovered by the anti-p-Tyr antibody in the samples incubated with ATP. Finally, experiments with an HSV-tagged form of CrPKG expressed in Chlamydomonas also identified CrPKG as the 105 kDa protein. We isolated flagella from adhering HSV-CrPKG-transformed gametes, incubated the flagellar extracts with ATP, and immunoprecipitated with anti-HSV antibodies. Immunoblotting of the anti-HSV immunoprecipitate with anti-p-Tyr and anti-CrPKG Whole gametic cells were fixed and stained with anti-acetylated tubulin (red) and either anti-CrPKG or preimmune serum (green). The basis for the high background fluorescence of cell bodies in both preimmune and immune sera is unclear. (E) CrPKG presence in flagellar fractions. Flagella isolated from nonadhering gametes were frozen, thawed, and centrifuged at 13,000 rpm, and equal proportions of the supernatant (S1) and sedimented (P1) fractions were analyzed by immunoblotting. (F) CrPKG is soluble in detergent. Freshly isolated flagella from nonadhering gametes were incubated with 1% NP40-containing buffer and centrifuged at 13,000 rpm, and equal proportions of the membrane/matrix (M/M) fraction (supernatant) and sedimented axonemes (AXO) were analyzed by immunoblotting. (G) CrPKG is tyrosine phosphorylated in samples of flagella from adhering gametes. The membrane/matrix fraction of flagella isolated from adhering gametes was incubated with or without ATP and subjected to immunoprecipitation with anti-p-Tyr antibody followed by immunoblotting with the anti-CrPKG peptide antibody. CrPKG was detected only in the anti-p-Tyr immunoprecipitate of the sample incubated with ATP. (H) HSV-tagged CrPKG is tyrosine phosphorylated. Flagella isolated from HSV-CrPKG-transformed, adhering gametes were incubated with ATP and subjected to immunoprecipitation using anti-HSV, anti-p-Tyr, and anti-CrPKG peptide antibodies followed by immunoblotting with anti-HSV antibodies. CrPKG (arrow) was detected by the anti-HSV antibody in all three samples. peptide antibodies showed that the 105 kDa tyrosine phosphorylated CrPKG was present in the anti-HSV immunoprecipitates ( Figure 3H ).
The Protein Kinase Activity of CrPKG Is Regulated by Flagellar Adhesion
To determine whether CrPKG exhibited protein kinase activity and to examine whether the activity was regulated by flagellar adhesion, we used immunoprecipitation combined with in vitro assays with [ 32 P]ATP and myelin basic protein (MBP) as substrate. As shown in Figure 4A , the anti-CrPKG peptide antibody, but not control IgG, immunoprecipitated CrPKG from flagellar samples of nonadhering gametes, and the immunoprecipitated CrPKG exhibited basal protein kinase activity ( Figure 4A ). Moreover, in vitro protein kinase assays of CrPKG immunopurified from flagella isolated from nonadhering and adhering gametes showed that the protein kinase activity of CrPKG was stimulated several-fold by flagellar adhesion ( Figure 4B ).
CrPKG Is Essential for Fertilization
Using an established strategy for RNAi in Chlamydomonas (Huang et al., 2004; Li et al., 2004; Pan et al., 2004; Sineshchekov et al., 2002) , we prepared an oligonucleotide construct that directed the synthesis of a portion of double-stranded CrPKG RNA under control of a fused heatshock/Rubisco promoter by linking exon 12 and intron 12 to a copy of exon 12 in reverse orientation ( Figure 4C ). B215 nitrate-reductase-deficient cells (mtÀ) were cotransformed with the NIT1 gene (a selectable marker) and the CrPKG RNAi construct, and cells that grew on KNO 3 selective medium were screened for the presence of the construct using PCR. The several transformants that contained the RNAi construct exhibited varying levels of reduction of CrPKG expression and varying extents of fertilization (data not shown). Transformant RNAi-B21 showed significantly reduced levels of CrPKG ( Figure 4D) . Gametes of the RNAi-B21 transformant and another transformant, RNAi-B33, which displayed a similar reduction in CrPKG amounts (data not shown), were further examined for their ability to undergo fertilization. Gametes of the RNAi transformants were mixed with wild-type mt+ gametes and assessed for their ability to form zygotes in several independent experiments. Although the RNAi cells were capable of undergoing flagella adhesion that was essentially indistinguishable from the control cells (data not shown), fusion was substantially inhibited ( Figure 4E ). The lower panel is a loading control in which the same sample was probed with an antibody that recognizes a 78/80 kDa protein doublet in cell bodies (Pan and Snell, 2003) .
(E) Inhibition of fertilization in CrPKG-RNAi transformants. Gametes (mt+) of the CrPKG-RNAi transformants were mixed with wild-type mtÀ gametes, and, after 40 min at room temperature, the samples were fixed and assayed for the number of zygotes formed.
(F) Effects of CrPKG inhibitors on fertilization. Wild-type mt+ and mtÀ gametes were mixed together in medium (control) or medium containing TEA or KT, and the percent of gametes that fused to form zygotes was determined. Data are the means ± SEM from three experiments.
In a parallel approach, we used inhibitors of cGMPdependent protein kinases to assess the role of CrPKG activity in fertilization. Gametes of both mating types were separately incubated with 0.1 mM 8-pCPT-cGMPS (guanosine 3 0 , 5 0 -cyclic monophosphorothioate, 8-(4-chlorophenylthio)-Rp-isomer, triethylammonium salt)(TEA) or 0.1 mM KT5823 (KT) for 30 min and then mixed together, and the percent of cells forming zygotes was determined 40 min after mixing. Examination by phase-contrast microscopy of the samples immediately after the gametes of opposite mating types had been mixed together indicated that the extent of flagellar adhesion was similar in the control and treated samples (data not shown). On the other hand, whereas nearly 75% of the control cells formed zygotes, fertilization was substantially inhibited in the treated samples ( Figure 4F) .
A Role for IFT in Targeting CrPKG to Flagella
To examine the mechanism of targeting of CrPKG to flagella, we isolated flagella from wild-type and fla10-1 cells at various times after transfer to 32ºC and analyzed the flagella for the amounts of CrPKG, Fla10, an IFT particle protein (IFT81), and tubulin (a loading control) by immunoblotting. As reported previously (Cole et al., 1998; Kozminski et al., 1995; Pan and Snell, 2002; Piperno and Mead, 1997) , the amount of Fla10 in flagella from the fla10-1 cells at the permissive temperature was lower than in flagella of wild-type cells (0 min time point, Figure 5 ). Similarly, IFT81 was reduced in the mutants as compared to wild-type cells before the temperature switch. Examination of the amounts of CrPKG in wild-type and fla10-1 flagella at the permissive temperature (T = 0) showed that they were similar, indicating that CrPKG indeed is a component of flagella comparable to the structural proteins of flagella, such as tubulin, whose levels were also similar in wild-type and fla10-1 cells at the permissive temperature.
The levels of all the proteins examined were essentially unchanged in wild-type cells during the 60 min at the nonpermissive temperature ( Figure 5 ). After the fla10-1 cells had been at 32ºC for 40 min, however, the levels of Fla10 and IFT81 became almost undetectable. On the other hand, although CrPKG levels were reduced compared to the 0 time sample, substantial amounts remained in the flagella at 40 min. At 60 min, slightly more CrPKG had been lost. Thus, CrPKG is a dynamic component of flagella, and its presence in flagella, where it becomes associated with the flagellar membrane, is influenced by IFT; unlike IFT components, however, it is retained in flagella when IFT ceases. To determine more directly whether CrPKG was a cargo for IFT particles (Qin et al., 2004) , we immunoprecipitated CrPKG from detergent-treated samples of the S1 fraction of flagella and analyzed the immunoprecipitated products for the presence of IFT particles. As shown in Figure 5B , the immunoprecipitated CrPKG sample contained IFT particles, which were not detected in the control, IgG sample. Wild-type and fla10-1 vegetative cells were incubated at 32ºC for the indicated times, and flagella were isolated and analyzed by SDS-PAGE and immunoblotting with anti-CrPKG peptide antibody, anti-kinesin II antibody, anti-IFT81 (an IFT complex B particle protein) antibody, and anti-a-tubulin antibody as a loading control. Experiments with gametes yielded similar results. (B) IFT particles coimmunoprecipitate with CrPKG. The S1 fraction of flagella in 5% sucrose, 20 mM HEPES (pH 7.2), 50 mM KCl, 10 mM MgCl 2 , 1 mM EDTA, 2 mM DTT, 50 mM NaCl, 0.5% NP40 containing a 1/100 dilution of the protease inhibitor cocktail for plant cells from Sigma Chemical Co. was incubated with control, rabbit IgG, or anti-CrPKG antibody. The immunoprecipitates were analyzed by immunoblotting with anti-CrPKG, anti-IFT139 (an IFT complex A particle protein), and anti-IFT81 antibodies. The flagella in this experiment were from adhering gametes, and similar results were obtained with flagella isolated from nonadhering gametes.
properties of CrPKG in flagella isolated from nonadhering and adhering gametes. As shown above and in Figure 6A (left upper panel), when nonadhering flagella were frozen, thawed, and centrifuged at low speed, most of the CrPKG remained with the flagella and was sedimented by lowspeed centrifugation. On the other hand, when flagella isolated from adhering gametes were frozen and thawed, much of the CrPKG was released from the flagella and appeared in the low-speed supernatant ( Figure 6A , right upper panel). This freeze-thaw-labile form of CrPKG was not freely soluble, however, and was sedimented by high-speed centrifugation ( Figure 6A ). Thus, flagellar adhesion caused CrPKG to become part of a new, particulate compartment that was released from flagella by freezing and thawing.
Having discovered that the properties of CrPKG were altered during flagellar adhesion, we examined whether this alteration occurred in the flagella of fla10-1 gametes undergoing flagellar adhesion at the nonpermissive temperature, conditions in which the IFT machinery was depleted from the flagella. Although the IFT machinery influences the amount of CrPKG in flagella ( Figure 5 ) and CrPKG was somewhat reduced in fla10-1 cells after 40 min at the nonpermissive temperature, it seemed unlikely that this level of reduction of CrPKG could explain the complete inhibition of signaling and block of fertilization that occurs when the IFT machinery is depleted from the flagella of fla10-1 gametes after 40 min at the nonpermissive temperature (Pan and Snell, 2002; Piperno et al., 1996; Wang and Snell, 2003) . To test whether the adhesioninduced alteration in the properties of CrPKG required the presence of the IFT machinery, we isolated flagella from adhering fla10-1 mt+ and mtÀ gametes that had been mixed together at the permissive temperature for 10 min or had been pretreated separately for 40 min at the nonpermissive temperature and then mixed together for 10 min at the nonpermissive temperature. Figure 6B shows that the fla10-1 gametes exhibited normal flagellar adhesion (left panels) and fusion (right panel) at the permissive temperature. After 40 min pretreatment at the nonpermissive temperature, fla10-1 gametes retained their ability to undergo flagellar adhesion (left panels), but adhesion A) Flagellar-adhesion-induced association of CrPKG with a freeze-thaw-labile, particulate compartment. Flagella isolated from nonadhering and adhering gametes were frozen, thawed, and fractionated by differential centrifugation as described in Experimental Procedures. Whole flagella (WF), the low-speed supernatants (S1) and pellets (P1) of the frozen and thawed flagella, and the high-speed supernatants (S2) and pellets (P2) of S1 were analyzed by immunoblotting with anti-CrPKG, anti-IFT139, and anti-IFT81 antibodies. (B) Kinesin II mutant fla10-1 gametes undergo normal flagellar adhesion at both the permissive and nonpermissive temperatures, but signaling and fusion are blocked at the nonpermissive temperature. Photographs: left panel, phase-contrast micrograph of mt+ gametes alone; middle panel, fla10-1 mt+ gametes mixed with fla10-1 mtÀ gametes at the permissive temperature; right panel, fla10-1 mt+ and mtÀ gametes separately preincubated at the nonpermissive temperature before mixing at the nonpermissive temperature. Arrowheads indicate clumps of adhering gametes. Histograms: fla10-1 mt+ and mtÀ gametes that had been preincubated separately at the nonpermissive temperature for 40 min were mixed together and assessed for cell wall loss and cell fusion at 40 min after mixing at the nonpermissive temperature. (C) The flagellar-adhesion-induced alteration in CrPKG requires the IFT machinery. Flagella isolated from fla10-1 mt+ and mtÀ gametes mixed together for 5 min at the permissive temperature or that had been preincubated at the nonpermissive temperature for 40 min and then mixed together for 10 min at the nonpermissive temperature were subjected to freeze-thawing and differential centrifugation followed by immunoblotting with antiCrPKG, anti-IFT139, and anti-IFT81 antibodies.
failed to activate downstream signaling including cell wall loss and gamete fusion (right panel). As expected ( Figure 6C , lower panels), IFT particle proteins were extensively depleted from flagella at the nonpermissive temperature.
When we assessed the location of CrPKG in flagella isolated from fla10-1 gametes, we found that the adhesioninduced change in properties did not occur ( Figure 6C , upper panels) when the IFT machinery was depleted from flagella. At the permissive temperature, CrPKG underwent the adhesion-induced change in properties as indicated by the presence of substantial amounts of CrPKG in the S1 and P2 fractions. In contrast, at the nonpermissive temperature, most of the CrPKG remained with the flagella after freezing and thawing (P1 fraction), and CrPKG that was released by freezing and thawing was soluble after high-speed centrifugation. Taken together, these results indicated that flagellar adhesion stimulated association of CrPKG with a freeze-thaw-labile, particulate flagellar compartment and that association of CrPKG with this compartment required the presence of the IFT machinery.
Flagellar Adhesion Causes Changes in the Properties of IFT Particles
At least two possibilities could have explained the requirement for IFT in the adhesion-stimulated change in CrPKG. One was that IFT plays an indirect role and, for example, supplies proteins to the flagella that are essential for modifying the properties of CrPKG. A second possibility was that the IFT machinery participates directly in organizing the signaling pathway. If IFT has a direct role in flagellaradhesion-induced signaling, then the IFT machinery itself should be altered during flagellar adhesion. To test whether the IFT machinery was altered in response to flagellar adhesion, we examined the properties of IFT particles in nonadhering and adhering flagella. The immunoblots of the flagellar fractions from nonadhering and adhering wild-type gametes that were stained with antiCrPKG antibody were also probed with antibodies against IFT particle proteins (IFT139 is a complex A protein, and IFT81 is a complex B protein). As shown in Figure 6A (lower panels), some IFT particles were released from nonadhering flagella by freezing and thawing, and more were released from adhering flagella. Moreover, whereas the IFT particles released by freeze-thaw treatment of flagella isolated from nonadhering gametes were not sedimented at high speed, the IFT particles released by freeze-thaw of flagella isolated from adhering gametes were sedimented by high-speed centrifugation. Thus, similar to the effect of flagellar adhesion on CrPKG, flagellar adhesion also stimulated IFT particles to become associated with the freezethaw-labile, particulate compartment.
We further examined the adhesion-dependent alterations in CrPKG and the IFT particles by use of sucrosegradient velocity sedimentation. Flagella isolated from nonadhering and adhering gametes were frozen and thawed, and the low-speed supernatant fractions with or without incubation in 0.5% NP40, 50 mM NaCl were fractionated on sucrose gradients. In the samples without detergent, CrPKG in nonadhering flagella sedimented as a single peak near the top of the gradient and the IFT particles were in a separate, single peak farther into the gradient (Figure 7) (Cole et al., 1998; Iomini et al., 2001 ). Detergent had no effect on the properties of CrPKG and IFT particles in these samples from nonadhering gametes, and they both sedimented to the same position in the sucrose gradients as the samples without detergent (Figure 7) . These results indicated that, in both the presence and the absence of detergent, CrPKG in the S1 fraction of nonadhering flagella was freely soluble, the IFT particles behaved as individual complexes, and the two were not associated with each other.
On the other hand, and consistent with the differential centrifugation results (Figure 6 ), similar analysis of flagella samples from adhering gametes indicated that flagellar adhesion altered the properties of both CrPKG and the IFT particles. In the absence of detergent, CrPKG from adhering gametes did not behave as a single entity and was much more spread out on the gradient than was CrPKG from nonadhering gametes (Figure 7) . The IFT particles were even more broadly spread over the gradient: Substantial amounts stayed near the top of the gradient, and even larger amounts of IFT particles sedimented to the bottom of the gradient. In many of the fractions, near the middle of the gradient, CrPKG and IFT particles cosedimented (Figure 7) . The heterogeneity we observed is as would be expected of large assemblies that support signaling and contain varying numbers of IFT particles and varying amounts of detergent-sensitive flagellar-membrane and flagellar-membrane-associated proteins.
Importantly, whereas addition of detergent to the nonadhering samples had no effect on the behavior of CrPKG and IFT particles in sucrose gradients, addition of detergent to the samples from adhering gametes dramatically altered the behavior of CrPKG and the IFT particles in the gradient. In the detergent samples of flagella isolated from adhering gametes, CrPKG moved as a unitary peak near the top of the gradient, and the IFT particles moved as a unitary peak in the bottom portion of the gradient. Taken together, the results above indicated that flagellar adhesion stimulated both the CrPKG and the IFT particles to become associated with a freeze-thaw-labile, particulate compartment of flagella and that substantial portions of both the CrPKG and the IFT particles within this compartment were present in detergent-sensitive complexes. Thus, in addition to being essential for the adhesion-dependent alterations in the properties of CrPKG, the IFT machinery itself was modified by adhesion.
DISCUSSION
Here, we show that a Chlamydomonas PKG and IFT particles participate directly in cilium-generated signaling during fertilization in Chlamydomonas. We determined that CrPKG is the substrate for a previously described flagellar PTK activity stimulated by flagellar adhesion and showed that CrPKG is in the flagellar-adhesion signaling pathway. Importantly, our results identify a role for intraflagellar transport in the signaling capacity of flagella. During flagellar adhesion, the IFT machinery is essential for association of CrPKG with a new flagellar compartment, and the IFT machinery itself is a part of that compartment.
cGMP-Dependent Protein Kinases in Cilium-Generated Signaling The discovery that the Chlamydomonas CrPKG is an element in a signaling pathway in this biflagellated alga is intriguing. Several other ciliated/flagellated protists contain PKGs (Ann and Nelson, 1995; Baker and Deng, 2005; Gurnett et al., 2002; Wiersma et al., 2004) , and PKGs are also important in cilium-generated signaling in multicellular organisms (Fujiwara et al., 2002; Gertsberg et al., 2004) . Our working model is that CrPKG functions directly in the signaling pathway, downstream of the adhesion-activated PTK and upstream of the adenylyl cyclase (Wang and Snell, 2003) . Earlier studies showed that both cAMP and cGMP increase during adhesion (Pasquale and Goodenough, 1987) and that the gametic flagellar adenylyl cyclase is regulated by protein phosphorylation and dephosphorylation (Zhang and Snell, 1994) . A requirement that activation of CrPKG depend on both phosphorylation by the adhesion-activated PTK and a simultaneous increase in cGMP would ensure that fluctuations in steady-state levels of cGMP alone do not trigger gamete activation.
Localization of CrPKG in Flagella
Our finding that flagella contain nearly half of the total cellular CrPKG (Figure 3) indicates that cells possess a mechanism for specifically targeting CrPKG to flagella. It is well established that cells depend on IFT to transport structural components of cilia and flagella, but the mechanisms that cells use to transport and concentrate nonaxonemal proteins in cilia and flagella are only beginning to be studied (Bloodgood, 2000; Huang et al., 2004; Huangfu et al., 2003; Liu et al., 2005; Marszalek et al., 2000; Mendez et al., 2003; Pedersen et al., 2003; Scholey, 2003; Snow et al., 2004; Pazour et al., 2005) Recently, Qin et al. (2005) showed that the transient receptor potential vanilloid (TPRV) channel moves along the length of the cilia on C. elegans sensory neurons. Although the motion was saltatory, the channels moved at the same rate as IFT. Movement did not occur in IFT mutants, which also have sensory defects, thereby demonstrating that IFT is involved in motility of ciliary membrane proteins and suggesting that membrane-protein motility might be important for sensory transduction. Our finding that most of the CrPKG is associated with the flagellar membrane, coupled with some loss of CrPKG from flagella when IFT ceases, suggests a model in which CrPKG is carried into flagella by IFT. Once within the flagella, CrPKG is released from the IFT particles and binds to the flagellar membrane, possibly through a posttranslational modification such as myristoylation Vaandrager et al., 1998; Pazour et al., 2005) . Further experiments will The S1 fractions of flagella isolated from nonadhering and adhering gametes prepared with or without detergent buffer as described in Experimental Procedures were separated by sucrose-gradient centrifugation, and the resulting fractions were analyzed by immunoblotting with anti-CrPKG and anti-IFT particle protein antibodies. be required to distinguish between this direct transport model and models in which only retention in the flagella is IFT dependent.
A Direct Role for IFT in Cilium-Generated Signaling Our discovery that the adhesion-dependent alteration in the properties of CrPKG requires the IFT machinery (Figure 6 ) provides a molecular mechanism for our previous findings that the IFT machinery is essential for signal transduction during flagellar adhesion (Pan and Snell, 2002; Wang and Snell, 2003) . That is, association of CrPKG with the freeze-thaw-labile, particulate compartment is a normal step in the functioning of CrPKG in the signaling pathway. And when the IFT machinery is depleted from the flagella, CrPKG fails to become part of this compartment, and signaling is blocked. It will be interesting to determine whether this compartment is associated with any adhesion-related changes in flagellar morphology (Mesland et al., 1980) .
Based on existing models, it was reasonable to believe that IFT functions only indirectly in flagellar-adhesioninduced signal transduction by supplying proteins necessary for the adhesion-induced alterations in CrPKG. Our results, however, do not support solely an indirect role for IFT in signaling. Rather, the absolute requirement for IFT in flagellar-adhesion-induced signaling, along with the findings that the properties of the IFT particles themselves were modified during flagellar adhesion, demonstrates that the IFT machinery participates directly in signaling. Thus, in addition to its role in assembling and maintaining the structural components of flagella, IFT functions directly in existing flagella to organize a signaling pathway. Given that primary cilia increasingly are being shown to be sensory transducers in key developmental and homeostatic pathways in multicellular organisms, it will be important to develop approaches to test for direct roles of IFT in ciliumgenerated signaling in these systems.
EXPERIMENTAL PROCEDURES

Cells and Cell Culture
Chlamydomonas reinhardtii strains 21gr (mt+) (CC-1690), 6145c (mtÀ) (CC-1691), G1 (nit1-1, mt+), and B215 (nit1-1, mtÀ) are available from the Chlamydomonas Genetics Center (Duke University). Strains fla10-1 mt+ (4930-3-4) and fla10-1 mtÀ (4930-6-2) were generously provided by Dr. Susan Dutcher (Washington University, St. Louis, IL), and strains oda3 mt+ (CC-2232) and oda3 mtÀ (CC-2233) were kindly provided by Dr. G. Witman (University of Massachusetts Medical School, Worcester, MA). Cells were cultured vegetatively in liquid medium with aeration and gametic cells were obtained as described previously (Wang and Snell, 2003) . Flagellar adhesion and zygote formation were assessed as previously described (Pan and Snell, 2002) . Cell wall loss was determined semiquantitatively by assessing the sensitivity of the cells to disruption by 0.075% Triton X-100, 5 mM EDTA. For the experiments at the nonpermissive temperature (32ºC), cells were incubated with illumination in an Ecoline immersion thermostate E100 (Lauda Dr. R. Wobser GmbH & Co. KG) water bath with constant aeration.
Antibodies
Anti-phosphotyrosine antibody 4G10 was obtained from Upstate Biotechnology (Lake, Placid, NY). Anti-CrPKG antiserum was prepared by Biosource International (Camarillo, CA) against two peptides (DASKNHGEERKVDGHT and FRPRVRNPLDTSNFD) in the Chlamydomonas protein. Antibodies against peptide FRPRVRNPLDTSNFD in CrPKG were purified by affinity chromatography on a peptide column provided by the company. Monoclonal antibodies against IFT81 (an IFT complex B protein) and IFT139 (an IFT complex A protein) were generously provided by Dennis Deiner and Joel Rosenbaum. Immunofluorescence analysis was carried out on cells fixed in 2% paraformaldehyde and 0.1% glutaraldehyde in PBS followed by permeabilization in 0.2% Triton X-100 as described in the Supplemental Data available with this article online.
Fractionation of Cells and Flagella
Flagella were isolated by use of the pH shock method of Witman, et al. (1972) with modifications (described in Supplemental Data). To disrupt the flagellar membrane by freezing and thawing, frozen flagella samples were thawed on ice and centrifuged at 13,000 rpm at 4ºC for 20 min to yield the frozen-thawed, low-speed supernatant (S1) and pellet (P1). In some experiments, the low-speed supernatant was centrifuged at 50,000 rpm in an Optima TLX Ultracentrifuge, rotor TLA 100.3 (Beckman), for 1 hr at 4ºC to yield the high-speed supernatant (S2) and pellet (P2). The pellets in both steps were resuspended in an equal volume of the original buffer. Equal volumes of each fraction were used for immunoblot analysis. To obtain the membrane/matrix fraction of flagella, freshly prepared flagella isolated as above were not frozen but were suspended in detergent buffer, and axonemes were sedimented by centrifugation (See Supplemental Data). For immunoblot analysis, equal volumes of the starting whole flagella, membrane/matrix, and axonemal fractions were used. For sucrosegradient fractionation, flagella isolated from adhering gametes were frozen and thawed, and $200 ml portions of the low-speed supernatant in the presence or absence of 0.5% NP40, 50 mM NaCl were loaded onto linear 12.5 ml, 5%-25% sucrose gradients in 20 mM HEPES (pH 7.2) and centrifuged for 16 hr at 4ºC at 35,000 rpm in an L8-70 Beckman Ultracentrifuge using rotor TH-641 (Sorvall). Fractions ($0.7 ml) were collected from the top of the gradients for immunoblot analysis. Methods for immunoprecipitation and in vitro protein kinase assays are in Supplemental Data.
Immunoblot Analysis and Mass Spectrometry of the 105 kDa Protein After SDS-PAGE, protein was transferred to a polyvinylidene fluoride (PVDF) membrane (Immobilon-P, Millipore, Bedford, MA) in buffer containing 25 mM Tris (pH 8.3) and 192 mM glycine at 100V for 1 hr. Membranes were blocked, incubated with antibodies, and developed as described in Supplemental Data. The 105 kDa protein was purified by immunoprecipitation for mass spectrometry analysis (Zhao et al., 2003) using 4G10 anti-phosphotyrosine antibody from freeze-thaw supernatants of flagella isolated from adhering mt+ and mtÀ gametes of the oda3 mutant (Koutoulis et al., 1997) , which was used because the Oda3 protein comigrated with the 105 kDa tyrosine-phosphorylated protein and interfered with the mass spectroscopic analysis. Details of the immunoprecipitation, sample preparation, and mass spectrometry are in Supplemental Data. The resulting spectra were used to identify protein candidates in the JGI v2.0 Chlamydomonas genome database (http://genome.jgi-psf.org/chlre2/chlre2.home.html) with the MASCOT search engine (Matrix Science Ltd., London). After ruling out candidate proteins of incorrect molecular mass (including elongation factors and tubulin), the best match was the protein encoded by Chlamydomonas gene C_50062, which is predicted to be a cGMP-dependent protein kinase (CrPKG).
Cloning and Transformation
Blast searches of Chlamydomonas EST libraries indicated that cDNA clone LcL08h03_r (5 0 ) (Asamizu et al., 1999 ) was a predicted transcript of CrPKG. We obtained the clone from Kazusa DNA Research Institute (Kisarazu, Japan; http://www.kazusa.or.jp) and sequenced it in the Sequencing Core Facility at UT Southwestern. The cDNA clone contained 641 bp in the 3 0 UTR upstream of the polyA tail that was not present in the predicted transcript in JGI v2.0. Otherwise, the cDNA clone sequence and the transcript predicted by JGI v2.0 were identical. An HSV-tagged CrPKG expression construct and an RNAi construct were prepared and transformed (Kindle et al., 1989) into Chlamydomonas as described in Supplemental Data. 
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